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Abstract

This paper describes a high performance 32 bit binary adder
designed at Stanford University, and fabricated at Signetics
Inc. Measurements indicate that the adder computes the
sum of two numbers (and a carry) in 2.1 nanoseconds and
consumes 900 milliwatts using a power supply voltage of
-4.5V. The adder is implemented using silicon emitter cou-
pled logic (ECL) circuitry with 0.5 volt output swings. The
high performance is a result of high speed logic/technology
and a special addition algorithm which results in an adder
with a maximum of 3 levels of logic from any input to any
output. The maximum fanout on any signal is 8 input loads,
the maximum number of inputs on any gate is 5, and the
maximum number of WIRE-OR outputs is 8.

1 Introduction

An on-going project at Stanford is to investigate the funda-
mental operations performed in today’s high performance
digital systems, and to determine methods of implementing
these operations as quickly as possible. Addition is one of
these fundamental operations and has been used frequently
to demonstrate fast technology [7} {2]. In this paper, a 32
bit binary ECL adder is presented, with an addition time
of 1.8 nsec. The high performance of this adder is a result
of the following :

o An addition algorithm that is a combination of the
Ling adder [3], the carry lookahead adder [6], and the
conditional sum adder [4]. This algorithm takes advan-
tage of special circuits that can be built using ECL.

e Fast, silicon bipolar ECL implementation. Extensive
use is made of the WIRE-OR capability of ECL.

o Increasing the driving current on critical high capaci-
tance paths to reduce the delay.

The adder is a modular design, constructed from eight iden-

tical 4 bit slices, and a lookahead network which computes
the carry to each slice.
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2 The Addition Scheme

The addition process consists of three steps. Each of these
operations requires time approximately equal to a single
gate delay :

1. Each 4 bit slice produces carry generate/propagate in-
formation sent to the lookahead network. This pro-
cess is similar to the scheme described by Ling, but
only the WIRE-OR, capability of ECL is needed, the
WIRE-AND is not used.

2. The lookahead network computes the carry for each
slice. Two copies of the group propagate signals come
from each 4 bit slice to the lookahead network. One
of these copies is used (in conjunction with a group
propagate from an adjacent slice) to produce a prop-
agate signal for an 8 bit group. This limits the fan-in
requirements of the gates in the lookahead network to

5.

3. FEach 4 bit slice uses the carry received from the looka-
head network to compute the proper sum outputs.

The overall structure of the adder is shown in Figure 1.

The logical design of the adder assumes that all inputs and
outputs, except the carry, are negative logic. It is a simple
matter to prove that this is functionally indistinguishable
from an adder with positive logic inputs and outputs, and
negative logic carry.

2.1 Generate/Propagate

The gate level schematic for each 4 bit slice is shown in
Figure 2. The operation of the carry generate/propagate
information produced by each 4 bit slice can be understood
by contrasting it with a conventional carry lookahead 4 bit
slice. The conventional slice produces group carry generate
(G) and group carry propagate (P) signals which are used as
inputs to one or more levels of lookahead (Figure 3). The
single group carry generate signal from the conventional
slice is replaced by two signals, H and P3. These two signals
can be created with fewer gate delays than G. In addition
to H and Pj, two copies of group P connect each 4 bit
slice with the carry lookahead network, making a total of
4 signals that run from each 4 bit slice to the lookahead
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Figure 1: Adder Block Diagram

network. Pz and the two copies of group P are sent in
negative logic form. The relationship between G, H and P;
is easily derived. G in a conventional carry lookahead 4 bit
slice is :

G = Gj3+ P3G, + P3P,G; + P3P,P,Gy (1)
where :
Gi = A;B; (AND)
P; = A,;9B; (EXCLUSIVE — OR)
OR
P, = A;+B;i(OR)

A; and B; are the i" bits of the inputs to be to added (Ao
= LSB). Notice that the designer has a choice as to how to
implement the P;. They can be implemented as either an
EXCLUSIVE-OR or an OR, or as some mixture of the two.
If P3 is chosen to be Az + B, then :

G3 = P3G3
By using this for G3, (1) becomes :

G P3G3 + P3G2 + P3P2G1 + P3P2P1GCI
P3(Gs + G2 + P,G; + P2P1Go)

P,H

where the new signal, H is defined as :

H

Gz + Gy + P2G + P,P,Go

A3B;s + A;B; + AjA;B, + ByAB,
+ A2A1A0By + A3B 1 AoBg + ByAAoB,
+ B;B1AgB,

Signal H is handy because it can be produced from the A
and B inputs in a single gate delay, using gates with up to
4 inputs and WIRE-OR capability of 8. In comparison, G
requires a minimum of 2 gate delays, one to compute the
G; and P; required, and another to compute G. Alternately
G could be expanded in terms of A; and B;, but this would
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require 15 WIRE-ORs and gates with up to 5 inputs. Refer-
ring to Figure 2, H is produced by the NOR gates numnbered
1-8 (recall that the inputs are negative logic).

Since P is sent to the lookahead network in complemented

form, it is easily formed by the WIRE-OR of the P; from

each bit position :
P P;P,P,P,

P3+ P+ P+ B,

I

P; is produced by a special gate (Bit PG, described in sec-
tion 3), which produces both G; and P; for each bit position
(gates 10-13 in Figure 2). Internal to each slice, the P; are
implemented as A; @ B;, since the EXCLUSIVE-OR of A;
and B; are needed for the final sum anyway. The Pj signal
sent to the lookahead is produced by gate 9 in Figure 2.

2.2 Lookahead Network

A single level of lookahead is used ta compute the carries
to each 4 bit slice (Figure 4). To reduce the fan-in require-
ments of the gates in the lookahead network, the 4 bit slices
are grouped in pairs, and a negative logic group propagate
across 2 slices is produced by the WIRE-OR of one copy of
the negative logic group propagates of the individual slices.
Each 4 bit slice provides two copies of the negative logic
group propagate (NPA and NPB in Figure 2), one of which
is used in this WIRE-OR. The lookahead network accepts
the group H and Pj; signals from each slice and combines
them into group G in the same level of logic that is used
to produce the carries to each 4 bit slice. For example, the
carry to the most significant slice, C7 is :

C7 — G6 + P6G5 + P6P5G4 + P6P5P4G3 + PSP5P4P3G2
+ PP*P'P3P2G! 4 PPSPIP3P?PIGY
+ PPP*P*P3P2P'POC
substituting PLH' for each of the Gi :
= PSH® + PSP3H® + (P°P%)PIH* + (P°P°)P*P3H?
+ (P°P°)(P*P?)P2H? + (P°P°)(P*P*)P?PiH!
+ (P°P®)(P*P%)(P?P!)PIH°
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Figure 2: Four Bit Adder Slice
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Figure 4: Lookahead Network

+ (P°P®)(P*P*)(P?P!)P°C

= PSH® + P°PSH® + PPiH! + P¥P*PIH’
+ P65P43P§H2 + P65P43P2PéH1
+ P65P43P21P2H0 + P65P43P21PUC

Hi, Pi; P} and G! are written to represent the H, P, Pj,
and G signals from the " 4 bit slice, respectively, (G is not
actually produced by each slice). P¥ represents the prop-
agate across the two adjacent slices i and j. Since all the
P signals are negative logic, and the H signals are positive
logic, a special kind of AND gate (described in section 3)
with multiple inverting inputs and one non-inverting input
is required. The carries to the other slices are produced in
a similar manner.

2.3 Final Sum

At each 4 bit slice, special output logic is used to minimize
the delay from the slice carry to the 4 slice outputs. The
scheme used is related to conditional sum addition, but has
less hardware overhead. Consider bit 3 (the MSB) of a 4
bit slice. The desired output, Ss, is the EXCLUSIVE-OR
of the A; and Bj inputs and the carry from the adjacent,
less significant bit (bit 2 in this case) :
Sa A;®B3; 0 Cs
Es & Cs (2)

I

This carry, Ca, is related to the slice carry, C, by the fol-
lowing equation :
Cs = G2+ P3Gy + P2P1Go + P2PPoC (3)
= G0+ P2oC

where :

Gzo = G2+ PG, +P:P1Go
Pzo = P;P\Py

That is, a carry reaches bit 3 if it is generated by one of
bits 2,1, or 0 (all bits that are internal to the slice) and
propagated to bit 3, or if the carry to the slice is propagated
through bits 2,1, and 0 and the slice carry is a 1. (3) and
(2) can be combined to give the output for S; :

Ss = E;®(Gzo + P200)
= E3G2.0P20 + E3G20C + E3Gao + EaP2oC  (4)

Since a negative logic output is needed, the complement of
(4) is handy :

S5 = E3GuoPao + E3G0C + E3Gao + EgPgoC  (5)

There are similar equations for each of S,, Sy, and So. (5)
is implemented as the WIRE-OR of 4 gates for each output
bit, except for Sp. In this case, (5) reduces to a simple
EXCLUSIVE-OR of E; and C. Referring to Figure 2, the
gates numbered 20-23 are used to produce S;. The process



of selecting the proper sum bit with the slice carry is similar
to the conditional sum or carry select adder in that the final
sum is chosen by the slice carry (the second and fourth
terms of (5)), but the selection process can be turned off if
the final sum does not depend on the slice carry (the first
and third terms).

3 The Circuits

The internal gates of the adder are constructed with bipo-
lar ECL circuitry using 0.5 volt output swings. All outputs
are buffered with emitter followers using constant current
pulldowns. This allows the outputs of gates to be connected
directly, with the resultant signal being a logic low only if all
the outputs are low (WIRE-OR). All gates are run with tail
currents of 500 pA, giving a basic gate delay of about 250
ps, not including any emitter follower delay. The emitter
follower delay is dependent upon the capacitive load being
driven. Most wires have a capacitance of the order of 100-
900fF. These wires are run with emitter follower pulldown
currents of 500 uA, giving a delay of 100 to 200ps. A num-
ber of wires (mostly those that connect the 4 bit slices to
the lookahead network) have capacitances of up to 2.0pF.
These wires are driven by emitter followers with currents of
2000 pA, giving delays of about 500 ps. The result is that
the basic, loaded (NOR) gate has a delay of 350 to 750ps.

The adder implementation uses three major gate types :

e Conventional ECL NOR gates.

e A special AND gate with up to 4 inverting inputs
and a single non-inverting input (Figure 5). The non-
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Figure 5: Special AND gate

inverting input must be level translated by a single
diode drop to avoid saturating the input transistor.
The delay from the translated input to either output
is slower (about 100ps) than the untranslated inputs.

There is also a version of this gate in which the invert-
ing and non-inverting inputs are interchanged. The
alternate version is used when the delay from the non-
inverting input must be minimized (for example gates
23, 27 and 31 of Figure 2).

o A gate for generating the complements of the bit P;
and G; with a single tail current, shown in Figure 6.
As in the special AND gate, the B input is slower than
the A input.
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Figure 6: Bit PG Circuit
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4 The Chi

The layout of the adder was done using a set of design rule
independent module generators, written in the L language
of the GDT 3.1 environment provided by Silicon Compiler
Systems Inc. Two goals have been achieved by using design
rule independent module generators :

o Use of an aggressive, industrial bipolar process in the
frame of university /industry cooperation. Much of the
layout was done without knowledge of the specific de-
sign rules.

e Achieve portability of the adder layout over future sets
of design rules, anticipating use of the adder as a build-
ing block in larger functional units.

The adder generator is procedural and hierarchical. The
4 bit slice generator is invoked eight times and the looka-
head generator is invoked once to assemble the chip lay-
out. The 4 bit slice and the lookahead are implemented
by two columns of gates and wired by a channel router.
Gate generators assemble and connect the bipolar transis-
tors, diodes and resistors according to the required gate
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Figure 7: Adder die. Actual size : 6.6mm x 6.6mm

function and tail current level. The circuit was fabricated
using HS3.5 bipolar technology from Signetics. Figure 7 is
a photograph of the die. The area of just the adder por-
tion is approximately 5.4mm x 4.6mm. Each dark vertical
stripe represents either one 4 bit slice or the look-ahead
network (the longer stripe in the center is the lookahead
network). Inputs run from the bottom two thirds of the
I/0 pads into the logic, and outputs run from the logic to
the top one third of the pads. Outputs (H, P3, P) from the
4 bit slices to the lookahead network run above the stripes,
while carries from the lookahead to the slices run below the
stripes. Approximately 50% of the adder area is dedicated
to power supply routing. Since a fairly small voltage swing
is being used, the supply buses are made wide enough to
restrict Vi, (logic swings are referenced to V) differences
across the die to less than 40mV.

Measurements of the adder indicate an addition time of 2.1
nsec, not including package or output driver delay. The
chip consumes 200ma (again not including output driver
current) using a power supply of -4.5 volts.

5 Conclusion

The design presented above does not perform addition in
less than a nanosecond, but it does come close enough to
indicate that such performance may be possible. Improve-
ments can be made in both the speed and power consump-
tion by using a more careful layout to reduce the length of
the interconnections. The power consumption may also be
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minimized by reducing the value of current sources along
non-critical paths. Another area of investigation is the ex-
tension of the design to word lengths of 54-64 bits for use
with double precision floating point.
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